The application of ion-beam milling techniques to clays allows investigation of the porosity at nm resolution using scanning electron microscopy (SEM). Imaging of pores by SEM of surfaces prepared by broad ion beam (BIB) gives both qualitative and quantitative insights into the porosity and mineral fabrics in 2D representative cross-sections. The combination of cryogenic techniques with ion-beam milling preparation (BIB and FIB, focused ion beam) allows the study of pore fluids in preserved clay-rich samples. Characterization of the pore network is achieved, first, using X-ray computed tomography to provide insights into the largest pore bodies only, which are generally not connected at the resolution achieved. Secondly, access to 3D pore connectivity is achieved by FIB-SEM tomography and the results are compared with 2D porosity analysis (BIB-SEM) and correlated with bulk porosity measurements (e.g. mercury injection porosimetry, MIP). Effective pore connectivity was investigated with an analog of MIP based on Wood's metal (WM), which is solid at room temperature and allows microstructural investigation of WM-filled pores with BIB-SEM after injection. Combination of these microstructural investigations at scales of ,1 mm with conventional stressstrain data, and strain localization characterized by strain-fields measurement (DICdigital image correlation) on the same sample offers a unique opportunity to answer the fundamental questions: (1) when, (2) where, and (3) how the sample was deformed in the laboratory. All the methods above were combined to study the microstructures in naturally and experimentally deformed argillites. Preliminary results are promising and leading toward better understanding of the deformation behavior displayed by argillites in the transition between rocks and soils.
Introduction
Due to their low permeability and possible self-sealing properties in natural conditions, clays are considered to be potential host rocks for nuclear-waste disposal in deep geological formations and for the development of hydrocarbon resources. In clay rocks, the morphology of the pore network is one of the fundamental parameters defining fluidtransfer properties. Unfortunately, most traditional methods fail to image directly both the porosity down to the relevant pore scale and the preserved wet microstructure. Moreover, very few studies of mechanical behavior of clay (Urai and Wong, 1994; Wang et al., 2013 Wang et al., , 2014 include microstructural observations, though microstructures could provide useful information about the deformation mechanisms. In clays, relevant scales for microstructural investigations range from hundreds of micrometers to just a few nanometers. Because none of the microscopy methods is able to cover both representative area and volume at relevant resolutions, different methods are combined to characterize fully the porosity and mineral fabrics of the clays Hemes et al., 2015) . The emergence of ion-beam milling tools (i.e. BIB and FIB) has improved microstructural investigations in fine-grained geomaterials, providing unprecedented clarity of microstructures at below the micrometer scale (Loucks et al., 2009; Curtis et al., 2010; Desbois et al., 2009 Desbois et al., , 2011b Heath et al., 2011; Hemes et al., 2013 Hemes et al., , 2015 Houben et al., 2013 Houben et al., , 2014a Houben et al., , 2014b Keller et al., 2011 Keller et al., , 2013a Keller et al., , 2013b Klaver et al., 2012 Klaver et al., , 2015a Klaver et al., , 2015b . Cryogenic methods combined with FIB, BIB, and SEM has delivered, for the first time, direct imaging of pores filled with original pore fluids (Desbois et al., 2008 (Desbois et al., , 2009 . Injection of Wood's metal (WM), as an analog of MIP, but solid at room temperature, combined with BIB has been developed to visualize effective porosity decorated with WM at a given pore-throat entry pressure (Abell et al., 1999; Hildenbrand and Urai, 2003; Lloyd et al., 2009; Klaver et al., 2015b) . The innovative methods mentioned above have thus allowed, for the first time, investigation of microstructures in natural samples and development of a new integrated approach including deformation mechanism-based microstructures. The present contribution gives a brief overview of recent technical and conceptual developments of microstructural investigations applied to reference clay rocks investigated in the context of radioactive-waste disposal in Europe (France, Belgium, and Switzerland), at the institute of Structural Geology, Tectonics and Geomechanics of the RWTH Aachen University (Germany).
2. Toolbox to investigate relevant microstructures in mudstone 2.1. Combination of X-ray tomography and BIB/FIB-SEM analyses X-ray tomography (with a voxel-edge resolution typically in the mm range) applied to clay is capable of delivering relevant information about the 3D mineral fabric on sample volumes of up to a few mm 3 (Robinet et al., 2012) but offers little information about the connected porosity and visualizes only the largest pore bodies (Figure 1a ,b; Figure 1 . Multi-scale characterization of porosity in Opalinus and Boom Clays revealed by: (a-b) X-ray tomography (3D, voxel-edge resolution ¼ 2.5 mm) of Opalinus Clay; the connected porosity with planar orientation parallel to the original bedding is interpreted to be desiccation cracks which contrasts with isolated pore bodies in the Boom Clay. (c-e) BIB-SEM (2D, pixel-edge resolution ¼ 15 nm); (f-k) FIB-SEM tomography (3D, pixel-edge resolution ¼ 15 nm); the porosity in the Boom Clay is highly connected and contrasts with results from the Opalinus Clay, where connected porosity represents part of the planar features observed using X-ray tomography. (f-k) the total segmented porous network is shown in violet; the largest connected pore volumes with increasing volume are depicted in green, blue, and yellow; for example, in part k the largest connected pore volume represents 87% of the total segmented porosity. (Data courtesy of M. Houben and S. Hemes.) Hemes et al., 2015) . Recent contributions on the characterization of porosity and mineral fabrics in reference clay rocks for research (Desbois et al., 2009; Houben et al., 2013 Houben et al., , 2014a Hemes et al., 2015) and organic-rich shales (Klaver et al., 2012 (Klaver et al., , 2015a demonstrate that ion-beam milling tools can be used for the preparation of heterogeneous, very fine-grained samples, suitable for SEM imaging. Ion beambased methods are opening new fields of research and allow imaging of structures which was not possible previously. The cross-sections produced by FIB and BIB are of such a high quality (the remaining topography is in the range of 5 nm in height; Klaver et al., 2012) that they allow direct, unambiguous investigation of the pores at the resolution (,10 nm) of state-of-the-art SEM. The direct detection of porosity within a truly planar 2D cross-section enables the statistical and stereological description of the porosity (Desbois et al., 2009; Hemes et al., 2013 Hemes et al., , 2015 Houben et al., 2013 Houben et al., , 2014a Houben et al., , 2014b Klaver et al., 2012 Klaver et al., , 2015a Klaver et al., , 2015b . On one hand, BIB cross-sectioning produces large representative areas up to 2 mm 2 for quantitative porosity analyses, but is restricted to 2D (Figure 1c -e) . On the other hand, serial crosssectioning based on FIB-SEM resolves the 3D porosity (voxel-edge resolution of as little as 5 -10 nm; Figure 1f -k) but only for a limited sample volume (typically 10 mm Â10 mm Â10 mm), which results typically in a relative error of 45-50% with respect to an ideal infinite representative volume (Hemes et al., 2015; Keller et al., 2013a) .
All the methods mentioned above are complementary Hemes et al., 2015) and are used in concert to provide a relevant continuity of scale, resolution, and representativeness. The BIB-SEM method bridges the 'performance gap' between the X-ray and FIB-SEM tomographies . The BIB-SEM enables detailed insights into the morphologies of pores at greater resolution than X-ray tomography but on comparable cross-section areas and allows the production of large representative surfaces suitable for FIB-SEM investigations of a specific representative site within the BIB cross-section ( Figure 2 ).
Preservation of hydrated microstructures by FIB/BIB-cryo-SEM
The relevance of microstructures observed in dried clay rocks often remains questionable because the shrinkage of clay minerals could damage the fine microstructure critically. Pores filled with original pore water in mudrocks can be imaged directly in preserved conditions by using cryogenic methods combined with FIB-SEM (Figure 3a þ b) (Desbois et al., 2009) . Slushy nitrogen (-1938C) was used to first quench the pore water. Quenched samples were cross-sectioned with FIB within a cryo-SEM where the sample was maintained at a cryo-temperature ( -1608C) and microstructures imaged on FIB cross-sections (Desbois et al., 2009) . A novel BIB-cryo-SEM instrument was developed recently for imaging microstructures in preserved clay samples and related pore fluids (Figure 3c,d ; Desbois et al., 2013) . In comparison with the FIBcryo-SEM method, the BIB-cryo-SEM method allows investigation of much larger representative cross-sections (in the range of mm within the SEM (Figure 3c ,d) was also used to estimate pore-scale damage after drying . (Hildenbrand and Urai, 2003; Klaver et al., 2015b) with comparable values of surface tension of the fluid (g ¼ 0.420 N/m) and wetting angle (w ¼ 1408) (Abell et al., 1999; Hildenbrand and Urai, 2003) . The WMI is accomplished at a temperature slightly above the melting point of WM (708C), which fills the pores and then solidifies upon cooling to room temperature. The WM-filled pores may, thus, be investigated using BIB-SEM (Figure 4 ). The amount of metal entering the sample at a given pressure (P, Pa) is equal to the pore volume accessible through pore throats with corresponding diameters (Washburn, 1921) . This approach has the unique advantage of providing information about pore connectivity (3D) from 2D cross sections, at a given entry pressure. 3. Applications to reference clay rocks for research
Combining Wood's metal impregnation and BIB-SEM

Microstructures in undeformed clays
The application of ion-beam milling techniques to clays and shales allows investigation of pore space with unprecedented clarity and resolution (down to a few nanometers) within representative elementary areas under SEM. The SEM imaging of pore structures on ion beam-prepared surfaces gives both qualitative and quantitative insights into porosity within 2D cross-sections (Desbois et al., 2009; Hemes et al., 2013 Hemes et al., , 2015 Houben et al., 2013 Houben et al., , 2014a Houben et al., , 2014b Klaver et al., 2012 Klaver et al., , 2015a Klaver et al., , 2015b . Segmentation of porosity combined with segmentation of mineralogy provides porosity-related mineralogy maps and results in the concept of "elementary building blocks" (Houben et al., 2014a; Hemes et al., 2015 , after Desbois et al., 2011a . Also observed here was the fact that the distribution of pore-area sizes is power-law distributed suggesting the self-similarity of pores in the clay matrix (Hemes et al., 2013 (Hemes et al., , 2015 Houben et al., 2013 Houben et al., , 2014a . This was used to extrapolate the pore-size distribution, including pores not visible at the resolution of SEM. At first order, this approach allows up-scaling by estimating the porosity as measured by MIP. The combination of cryogenic techniques with ion-beam milling preparation (Desbois et al., 2008 (Desbois et al., , 2009 allows study of the distribution of pore fluids in preserved clay-rich samples at a scale below a few tens of nanometers. The characterization of the pore network in a given volume is done by means of the FIB-SEM method to access to pore throats and try to establish correlation (Hemes et al., 2015) between volumetric measurements (FIB-SEM) using 2D porosity analysis (BIB-SEM) and bulk porosity measurement (e.g. MIP). Early results indicate a clear difference in pore connectivity when comparing the Opalinus and Boom Clays: the porosity in the Boom Clay is connected to a significant extent at the resolution of SEM (voxel-edge resolution of 15 nm) whereas in the Opalinus Clay the porosity is mostly isolated (Figure 1a,b) . . BIB-SEM cross-section of a Boom Clay impregnated with Wood's metal (WM) at a maximum entry injection pressure of 316 MPa, corresponding to an accessible pore-throat diameter of 4.1 nm (after Klaver et al., 2015) . Most of the porosity is filled with WM, indicating highly connected porosity with pore throats of as little as 4.1 nm in diameter. At high-resolution, a region (inset) bounded by dashed red lines indicates that, locally, some of the clay matrix is not filled with WM. These regions without WM are interpreted to have been compacted during the injection of WM, thereby closing the accessible pore throats (Klaver et al., 2015) .
The study of microstructures in Boom Clay using BIB-cryo-SEM (Desbois et al., 2014) suggests a more complex pore-fluid distribution than that found by Desbois et al. (2009;  Figure 3a) , where all visible pores were filled with pore fluid. The BIBcryo-SEM technique showed that the majority of visible pores (.50 nm in diameter) do not contain fluid (Figure 3c,d) , suggesting that the water content measured by weight loss can be attributed to clay aggregates, hence in pores ,50 nm in diameter. Because fluid-free pores are not expected in situ in clay formations, the present authors conclude that the procedure used to preserve the original clay cores is not efficient. In addition, observations of evolution of microstructures before and after drying by sublimation of water suggest four types of typical drying damage caused by the shrinkage of clay . Nevertheless, quantification of pore size and pore morphologies before and after drying indicates no significant change in statistical pore characterization, suggesting that quantitative pore-morphology studies on large numbers of pores performed on dried samples are representative of the preserved core samples.
Early results from WMI combined with BIB-SEM (Klaver et al., 2015b) suggest that MIP is only valid for materials within a specific range of pore-size distribution and permeability (e.g. Boom Clay; Figure 4 ). In very poorly permeable samples (e.g. Opalinus Clay), the clay-rich matrix shows only a small amount of evidence for impregnation with WM, questioning the validity of the MIP measurement. The suggestion here is that neither molten WM nor mercury enters the pore space because of material compaction during injection at high entry pressure (Hildenbrand et al., 2003; Klaver et al., 2015b) . The MIP measurements are often used as a reference, however. Early results indicate that MIP measurements need to be deployed with greater care (Klaver et al., 2015b) .
Investigation of deformation mechanisms in brittle and plastic clays deformed in the laboratory
As mentioned above, the development of ion-beam milling tools enables the study of both mineral fabrics and porosity at relevant scales. The combination of approaches developed in parallel by the geomechanical (e.g. stress vs. strain analysis and stress/ strain field localization by DIC) and microstructural geology (e.g. microstructural analyses of deformation mechanisms) communities would, therefore, have the potential to relate experimental bulk mechanical properties with microstructures in a continuous, multi-scale description of deformation mechanisms involved in fine-grained clays. This would afford an opportunity to answer the fundamental questions: (1) when, (2) where, and (3) how the samples were deformed during the experiment in the laboratory.
The integrated approach above was applied for the first time (Höhne, 2012 ) to a consolidated Callovo-Oxfordian Clay from the Underground Research Laboratory (URL) at Bure (Meuse-Haute Marne, France). The clay was deformed in a triaxial cell at 2 MPa confining pressure (plane strain compression) followed by planar DIC on optical images (the same sample as described by Bésuelle and Hall, 2011) to localize displacement fields. Typical microstructures of deformation observed within a strained zone identified by DIC (Figure 5a -d) show that the main deformation mechanism is grain refinement by grain-scale fracturing, resulting in a cataclastic fabric at shear displacements and an increase of porosity within the damaged fabric. With respect to relative stress level, detailed microstructure observations can be interpreted as a proxy for deformation (g-h) BIB-SEM investigations within the shear zone indicated by the red box in part f show typical evidence for plastic deformation: the boundaries between the shear zone and the protolith are sharp; clay aggregates and clastic grains are strongly reoriented parallel to the shear direction; the porosity is reduced significantly in the shear zone; clastic grain-size reduction is observed clearly in the shear zone but the mechanisms responsible are still not known. In part c, the dashed white line indicates the boundary of the BIB cross-section. The boundaries of the shear zone are indicated by dashed yellow lines in parts e and g -h.
(i.e. fracturing of clay matrix only ! fracturing of clastic grains ! rotation of broken clastic grains ! cataclastic flow).
In addition, a Boom Clay sample (i.e. soft clay) was deformed in a triaxial cell at a confining pressure of 0.375 MPa. The BIB-SEM observations (Figure 5e -h ) of the shear zones in such deformed samples show typical microstructures for plastic deformation: the boundary between the shear zone and the initial matrix are sharp; clay aggregates and clastic grains are strongly reoriented parallel to the shear direction; the porosity is strongly reduced; and the clastic grain size is smaller. A very interesting observation is that, although clastic grain-size reduction occurs in the shear zone, very little microstructural evidence exists for grain fracturing (cataclasis). That observation is in good agreement with the stress conditions used in the experiments, however. At the date of this contribution, therefore, the mechanism which led to the grain-size reduction in the shear zone has not yet been resolved.
Although, as a first approximation, the plasticity of both shales can be described by similar Mohr-Coulomb-type failure envelopes, preliminary results indicate that the full constitutive models describing their deformation and transport properties under natural conditions can be quite different. The need to include microstructural investigations to estimate comprehensively the evolution of rock performance with deformation must, therefore, be emphasized. Figure 6 ). Slickensided shear surfaces are ubiquitous, indicating reverse slip, which forms an anastomosing network connected by branch lines. BIB-SEM investigations show that shear zones are only a few micrometers thick. In the shear zone, a complex set of processes is inferred, leading to extreme localization of strain, development of strong preferred particle orientation, the formation of nanoparticles, and local precipitation of calcite veins in releasing sections. In lenses between shear zones, homogeneous gouge is formed with a well-developed oblique foliation and removal of calcite grains by pressure solution. During progressive deformation, the number and density of slickensided shear surfaces increases, generating tectonically derived scaly clay and more homogeneous gouge. In all deformed elements of the Main Fault, the porosity is much smaller than in the undeformed Opalinus Clay and possibly decreasing in terms of permeability, which is in good agreement with a decrease in hydraulic conductivities as measured by Nussbaum and Bossart (2004) in the fault zones. An interesting observation is the almost complete absence of cataclastic microstructures. Transmission electron microscopy (TEM) of FIB lamellae of this micronwide shear zone shows a strong preferred orientation of clay minerals, including nano-sized illite particles. In TEM, the shear zones envelop hard particles and confirm an almost complete loss of porosity compared to the protolith. Inter-and transgranular microcracking, pressure solution, clay neoformation, crystal plasticity, and grain-boundary sliding are proposed to play an important role in micro-scale processes during the early stages of faulting in Opalinus Clay and thus need to be considered in extrapolating laboratory results to long-term mechanical behavior. Though Opalinus Clay is considered to be consolidated clay, the results above contrast strongly with microstructures observed in consolidated Callovo-Oxfordian Clay deformed in the laboratory where brittle deformation is observed clearly (see above). Mechanisms of deformation inferred in the laboratory may be significantly different from what actually happens in nature, where ductile deformation and self-sealing are underestimated but which result in better sealing capacities over the longer term.
Conclusions
A brief overview is given here of an innovative toolbox developed recently for the study of microstructures in clay rocks. Application of the toolbox to naturally and experimentally deformed clay rocks might offer new insights into pore and mineral fabrics and to deformation mechanisms. Further study will allow upscaling of microstructures to fluid-flow properties and a detailed understanding of the transitional behaviors between brittle and plastic clays.
